INTRODUCTION
Gut diseases, especially necrotic enteritis, is a very important concern to the poultry sector because of performance losses, increased morbidity and mortality, reduced welfare of birds, and increased risk of contamination of poultry products for human consumption (McDevitt et al., 2006) . The total global economic loss as a consequence of necrotic enteritis outbreaks (as estimated in 2000), including the cost of disease prevention in broiler farms, is estimated to be about 2 billion dollars per year (Van der Sluis, 2000a,b) . The causative agent of necrotic enteritis is Clostridium perfringens, a Gram-positive spore-forming anaerobe (Baba et al., C 2018 Poultry Science Association Inc. Received February 21, 2018 . Accepted September 19, 2018 Corresponding author: applegt@uga.edu 1997). Eimeria have often been used in conjunction with C. perfringens to induce necrotic enteritis (NE) experimentally (Shojadoost et al., 2012) .
Zinc is an essential trace mineral possessing unique chemical properties, which allows it to serve structural and catalytic roles for proteins and biochemical reactions, acting mainly as an important cofactor (Salim et al., 2008) . The National Research Council (NRC, 1994) set the requirements of broilers at 40 mg/kg, whereas common use is often 80 to 120 mg/kg to optimize growth performance.
The majority of recent experiments indicate that organic Zn is an effective source of microelement, and can replace, with some advantages, inorganic forms of mineral in poultry diet (Świ atkiewicz, 2014) . Idowu et al (2011) noted that organic Zn compared to inorganic Zn sources improved egg production and Zn retention and alleviated environmental stress in tropical conditions. Another study with broiler breeder hens, researchers reported a positive effect of a substantial dietary addition of organic Zn on immunity (Soni et al., 2013) .
There is also evidence that the animal binds Zn in an effort to prevent pathogen utilization of Zn (Ibs and Rink, 2003) . Zinc has anti-inflammatory functions, and low Zn status increases the susceptibility to infections and inflammation . Coccidia infection can decrease Zn absorption in small intestine (Turk and Stephens, 1970) . The redistribution and sequestration of Zn seems to be occurring along with infection (Gammoh and Rink, 2017) . Metallothionein (MT) is a cysteine-rich Zn-binding protein, which is upregulated during inflammatory response (Andrews, 2000) . On the other hand, 2 families of Zn transporters (ZIP and ZnT) mediate the influx of Zn into the cytosol and its efflux into cell compartment, respectively. There is evidence that the expression of these transporters may be regulated by the exposure to coccidiosis as a regulatory mechanism for the reductions in intracellular Zn (Troche et al., 2015) . Current reports indicate that intracellular Zn homeostasis is critically associated with the signaling events in immune cells, and the regulation of cellular Zn in these immune cells is mediated by changes in the expression of specific Zn transporters (Giacconi et al., 2012) . Stimulation of macrophages with inflammatory stimuli such as lipopolysaccharide results in changes in cellular Zn that are mediated by alterations in ZIP14 gene expression (Sayadi et al., 2013) . Thus, alterations of Zn transporter expression with lipopolysaccharide could potentially affect Zn homeostasis in immune cells and contribute to immune dysregulation and chronic inflammation (Sayadi et al., 2013) . The expression of Zn transporters and S100A9 during broilers challenged with C. perfringens in different Zn sources has not been reported. Thus, the objective of current study was to study the effects of Zn source on the gene expression of Zn transporters and S100A9 in the jejunum and cecal tonsils of broiler chickens challenged with Eimeria maxima alone or in combination with C. perfringens.
MATERIALS AND METHODS

Experimental Birds and Housing
A total of 256, 1-day-old broilers of a commercial strain (Cobb 500 male), obtained from a commercial hatchery, were randomly divided into 4 treatments, each treatment had 8 replicates, and 8 birds per replicate. The birds were housed in wire-floored battery cages equipped with electrical heaters from 1 to 21 d of age. The temperature started at 33
• C (from day 0 to 3) and was gradually reduced according to normal management practice (2 • C/wk). The diet was a local commercial formulation and calculated analyses met or exceeded NRC (1994) broiler requirements. Experimental diet formulation is presented in Table 1 . The animal care and use procedures followed the Guide for the The experiment was a 2 × 2 factorial design with 2 Zn sources; 90 mg/kg of either ZnSO 4 or organic Zn (Bioplex R Zn, Alltech Inc; a Zn chelate of amino acids derived from the hydrolysate of soy protein). The analyzed values were 117 and 133 mg/kg for birds fed the ZnSO 4 and organic Zn, respectively. All birds were infected by gavage with approximately 5,000 sporulated oocysts of E. maxima at day 14. The E. maxima sporulated oocysts were a field isolate donated by Dr. Lorraine Fuller from the Department of Poultry Science, University of Georgia. Starting on day 18, all birds in the C. perfringens groups were given a broth culture of C. perfringens 10 8 CFU/mL. The birds were administered the broth culture once daily for 3 d (from day 18 to 20) by oral gavage.
Sample Collection
At the conclusion of the experiment (21 d), birds were euthanized via cervical dislocation, and approximately 5 mL of blood per bird was collected via the jugular vein after euthanasia for determination of serum Zn concentration. Blood was centrifuged at 1,500 × g at 4
• C for 15 min, and serum was separated and preserved at -20
• C prior to analysis. A section of cecal tonsils and jejunum from 1 bird per cage was collected, and stored at -80
• C for quantitative real-time PCR analysis.
Gene Expression Analysis
QIAzol R was used to extract total RNA from cecal tonsils and jejunum according to the manufacturer's instructions. Briefly, total RNA of the cecal tonsils and jejunum was extracted using Lysis Reagent (NO. 79306; QIAGEN Sciences), RNA samples were dissolved in nuclease-free H 2 O, and the quality and concentration were assessed by electrophoresis on 1% agarose gels and spectrophotometric (Thermo Scientific) analysis (A260:280 nm ratio).
Primers for Zn transporters, MT, and S100A9 were designed from provisional mRNA sequences from NCBI. Primer sequences utilized are shown in Table 2 . The real-time PCR amplification was performed in 10 μL of reaction mixture containing 1 μL of diluted cDNA, 5 μL of 2x SYBR Green PCR Master Mix (BioRad), 0.25 μL of each primer, and 3.5 μL of PCR-grade water. The PCR procedure consisted of heating the reaction mixture at 95
• C for 10 min followed by 40 cycles of 95
• C for 15 s, 57
• C for 20 s, and 72
• C for 15 s. The relative standard-curve method was used to quantify the mRNA concentrations of each gene in relation to the housekeeping gene (GAPDH). The quantitative RT-PCR assays were conducted using the relative standard curve method described by Livak and Schmittgen (2001) . All samples were analyzed in duplicate.
Zinc Concentration
Serum samples were sent to Central Analytical Lab at University of Arkansas for determination of Zn concentration via inductive coupled plasma. Briefly, 1 mL of serum was diluted in 9 mL of HNO 3 , and placed in water bath for 2 h at 75
• C, and then at room temperature to cool, followed by the addition of 20 mL of nanopure water. The samples were then analyzed by inductive coupled plasma.
Statistical Analysis
All data were analyzed by a 2-way analysis of variance using the general linear model procedure of SPSS 17.0 (SPSS, Inc., Chicago, IL). Normality of observed values in different treatment was evaluated by the univariate procedure of SPSS, and Levene's test used to evaluate heterogeneity of variances. The model included main effects of challenge type, Zn source, and their interaction, wherein pen was considered as the experimental unit. Means were compared by the Duncan multiple-range test when significant difference was detected. A P-value ≤ 0.05 was considered significant, whereas a trend towards significance defined as 0.05 <P ≤ 0.1.
RESULTS
Serum Zinc Concentration
An interaction of challenge by Zn source was observed for serum Zn concentration, wherein concentrations were reduced when birds were challenged with C. perfringens and fed ZnSO 4 but not between challenge method for birds fed organic Zn (Figure 1 ).
Jejunum Gene Expression
Co-infection resulted in higher ZnT 5 and 6, S100A9 increased 2-fold with the co-infection treatment, and supplementation with organic Zn lowered S100A9 by 4.4-fold in the jejunum when birds were supplemented with ZnSO 4. Organic Zn fed birds had lower ZIP 5 and 11, as well as a higher ZnT1 vs. ZnSO 4 fed birds. An interaction of challenge by Zn source was observed, wherein ZnT10 was unaffected by the co-infection in the organic Zn treatment but was 2.7-fold lower in the coinfected ZnSO 4 fed birds (Figure 2) . Metallothionein, ZIP 3, 8, 9, 10, 13, or 14 and ZnT 4, 7, and 9 were unaffected by Zn source and/or method of challenge in this study (data not shown).
Cecal Tonsil Gene Expression
In the cecal tonsils, expression of S100A9 in birds fed organic Zn was 1.9-fold lower compared with ZnSO 4 fed birds. The co-infected birds had 2 and 3.2-fold higher S100A9 and ZnT10 than when only challenged with coccidia. Organic Zn tended to upregulate the ZnT10 gene expression (Figure 3) . MT, ZIP 3, 5, 8, 9, 10, 11, 13, or 14, and ZnT 1, 4, 5, 6, 7 , and 9 (data not shown) were unaffected by Zn source and/or method of challenge in this trial.
DISCUSSION
Serum Zinc Concentration
In mammals, hypozincemia has been observed in the acute inflammatory response. The functions of this change are believed to be a defensive mechanism of the animal (Moshage, 1997) . In the case of hypozincemia, the host is protected by the decreased availability of Zn for pathogenic microbes (Liuzzi et al., 2005) . In chicks when birds are challenged with coccidia, plasma Zn greatly decreases, and meanwhile liver Zn concentration increases (Richards and Augustine, 1988) . In the present study, lower serum Zn concentrations were observed only when birds were fed ZnSO 4 , but were not observed when they fed organic Zn, thereby suggesting that organic Zn could alleviate the reduction in blood Zn concentration.
S100A9 Gene Expression in the Cecal Tonsils and Jejunum
Calprotectin is a complex of 2 calcium-binding proteins that belong to the S100 protein family (S100A8/S100A9). Elevated calprotectin occurs in extracellular fluid during inflammation and can also be detected in feces during inflammatory bowel disease in mammals (Langhorst et al., 2008; Abildtrup et al., 2015) . Only the S100A9 gene sequence is found in the NCBI database for Gallus gallus. Fecal calprotectin (S100A8/S100A9) is a promising marker for the assessment of gastrointestinal inflammation. Therefore, changes in S100A9 gene expression was used as an inflammatory biomarker in this study. In human studies, mucosal calprotectin levels were increased in children with inflammatory bowel disease with S100A8, S100A9 genes being abundantly expressed throughout the epithelium of the inflamed mucosa (Leach et al., 2007) . Previous studies showed organic Zn could alleviate the heat stress and have a positive effect on immune response in poultry (Idowu et al., 2011; Soni et al., 2013 ). In the current study, birds with co-infection expressed higher S100A9 in both the cecal tonsils and jejunum, and organic Zn expressed lower S100A9 compared to the ZnSO 4 group, indicating that inflammatory response of co-infection is greater than when challenged with coccidia alone. Organic Zn could alter the immune response.
Zinc Trafficking within Cecal Tonsils and Jejunum
To our knowledge, this is the first study that examines the effects of nearly all the Zn transporters in the cecal tonsils and jejunum of broilers. Selection of these genes was based on a previous study wherein birds were challenged with Salmonella (He et al., unpublished) . Two families of Zn transporters are involved in Zn homeostasis in the body, ZIP and ZnT transporters. The 2 Zn transporter family members function in opposite directions to maintain intracellular Zn homeostasis (Troche et al., 2015) . In mammals, ZIP5 gene expression is found in liver, kidney, and small intestine (Wang et al., 2004) . With an adequate intake of Zn, ZIP5 is located at the basolateral membrane (Wang et al., 2004) . ZIP11 is the only member of the gufA subfamily of ZIP transporters. In recent years, research has shown that ZIP11 is possible located in Golgi (Kelleher et al., 2012) . Expression of ZnT5 and ZnT6 is ubiquitous, but they have high expression in the small intestine (Yu et al., 2007) . Both are located in the trans-Golgi network (Huang et al., 2002; Kambe et al., 2002) . ZnT10 has received limited attention; because of using homology to ZnT1, the ZnT10 sequence was identified. Only limited data have demonstrated that it may be restricted to fetal development (Seve et al., 2004) . More recent studies have investigated that mutations in the human gene, ZnT10, are associated with hypermanganesemia. Loading of this metal is observed in both liver and brain, which results in cirrhosis of the liver and Parkinson-like motor impairments (Quadri et al., 2012; Tuschl et al., 2012) . The current study focused on cecal tonsils and jejunum of broilers. In the cecal tonsils, birds with coinfection showed a significant upregulation of ZnT10. In the jejunum, birds undergoing a co-infection had higher ZnT5 and ZnT6. Birds fed organic Zn had higher ZnT1 and lower ZIP5 and ZIP11, thereby indicating movement of Zn from the cytoplasm to Golgi during broilers challenged with coccidian and C. perfringens in cecal tonsils and jejunum.
Metallothionein is the major storage protein of Zn, responds mainly to Zn status (Coyle et al., 2002) . It can be induced by a wide range of inflammatory stimulators, including heavy metals and drugs (Bremner, 1991) . There is evidence of upregulation of MT in situations of stress, including exposure to inflammation, infection, and low Zn status (Hamer, 1986; Bremner, 1991) . In the present study, no differences for MT were observed between treatments (data not shown), possibly because all the groups were challenged with a pathogen (coccidian or coccidian plus C. perfringens).
The present study found that more changes to Zn trafficking by treatment occurred in the jejunum than in cecal tonsils. S100A9, an inflammatory biomarker, was significantly increased in both jejunum and cecal tonsil in co-infected birds when compared with the group challenged only with coccidia. Notably, organic Zn significantly decreased the gene expression of S100A9 compared with ZnSO 4 , thereby suggesting organic Zn may have altered the inflammatory response caused during the enteric challenges. Further work is needed to ascertain how Zn source regulates intracellular free Zn and whole-body Zn status during an enteric challenge.
